A Q-switched frequency Nd:YAG laser was focused on copper, aluminum, and lead targets. The acoustic emission accompanying plasma formation was acquired and analyzed in both the time and the frequency domains. Spectral analysis of the shock wave has proved to be a simple and low-cost diagnostic of plasma phenomena. In the time domain, several propagation mechanisms of the shock wave were observed and the velocity profile of the shock wave estimated. Spectral measurements were performed in the acoustic propagation regime of the shock waves. Spectral features related to the plasma formation mechanism were identified and discussed for copper, aluminum, and lead on the basis of the physical properties of these elements, the expansion mechanisms of the plasma, and an empirical parameter representative of the transported energy.
Introduction
Laser-produced plasmas have been widely studied by a number of researchers who have devoted their investigations to fundamental issues [1] [2] [3] [4] [5] [6] and applications such as sampling for mass spectrometry [7] [8] [9] and in atomic emission spectrometry. 10 -15 However, low reproducibility related to laser ablation and plasma formation processes on which these applications rely suggests that there is room for further fundamental research. The main characteristics of plasma, such as temperature, pressure, and expansion velocity, depend on the propagation mechanism. At an early stage, a high-pressure absorption wave is formed that, depending on the irradiance level, can progress through three mechanisms: a laser-supported combustion wave for irradiances less than approximately 10 7 W cm
Ϫ2
, a laser-supported detonation wave for irradiances from 10 7 to 10 9 W cm
, and a lasersupported radiation wave for irradiances greater than 10 9 W cm
. 16 Well-defined frontiers do not exist among the three mechanisms, and transitions from one to another are not perfectly understood. Information gained from monitoring of the pressure wave accompanying plasma formation has proven useful for signal normalization to improve the precision of characterization techniques based on laser ablation. In 1988 Pang et al. 17 and more recently Kanický et al. 18 used acoustic signals for normalization in laser-ablation inductively coupled atomic emission spectroscopy and mass spectrometry and in laser-induced argon-spark inductively coupled atomic emission spectrometry.
Diaci and Mozina 19 registered the overpressure associated with plasma formation under various energy conditions and used the shock wave solution of the point explosion model to discuss the signal recorded through a microphone. In a continuation of this research, quantitative results were presented by Grad and Mozina 20 that demonstrated monitoring of the excimer-laser ablation of ceramics by optoacoustic means. More recently, Stauter et al. 21 demonstrated the relationship between the shock wave energy and the ablation rate for the several shock wave propagation mechanisms. Later, a practical model of acoustic wave generation was presented by Murray and Wagner. 22 However, their results are restricted to the weakly ablative regime in the absence of a backing gas.
When a microphone is used to monitor laser ablation, the amplitude of the acoustic signal depends both on the distance between the plasma and the detector and on the atmosphere in which the plasma develops. Conversely, the acoustic wave exhibits low sensitivity to sample shape, size, or geometry of the sample holder. A common thread that runs through these studies is certainly the close relationship among the amplitude of the acoustic signal, the ablated mass, and the optical emission for each material studied. However, no further extrapolation has been made of the behavior of the acoustic emission of plasmas generated from different targets. Although from aural perception it is well known that acoustic emissions during ablation of different materials may be far from similar, the acoustic spectra of the shock waves have not yet been explored to a significant degree. To the authors' knowledge only a few papers on acoustic emission during laser welding have been presented. [23] [24] [25] In the present research the acoustic emission associated with laser ablation of four targets ͑copper, aluminum, tin, and air͒ has been explored in terms of energy transported and spectral components. The acoustic emission is detected with a microphone, and a standard PC sound card is used for analog-to-digital conversion of the signal. Further data processing involves calculation of the energy transported by the shock wave and obtaining the frequency-domain spectra through a fast Fourier transform. Irradiance levels ranging from 1.7 ϫ 10 8 to 1.6 ϫ 10 10 W cm Ϫ2 were applied.
Experimental
A schematic of the experimental arrangement is shown in Fig. 1 . A Q-switched Nd:YAG laser providing pulses of as much as 400 mJ in energy and 6 ns in length was operated at 5 Hz, and its output was focused at normal incidence upon various targets through a plano-convex lens ͑ f ϭ 100 mm, D ϭ 12.7 mm͒. The spot area was approximately 0.28 mm 2 . The acoustic shock wave was detected above the sample surface by a microphone placed at a distance of 40 cm from the plasma. The microphone showed good frequency response at 20 Hz-20 kHz. The microphone's body was isolated from the sample to prevent detection of undesired vibrations by transmission through the holder. The output from the microphone was digitized with a commercial sound PC card. Analog-to-digital conversions 1.15 ms in length were carried out at a sampling rate of 44.1 kHz. The synchrony output of the laser's Q switch was used to trigger the acquisition process. Acoustic emission corresponding to 15 laser shots was acquired and averaged for each experiment. Fourier transforms were applied to produce the frequencydomain spectra. Materials employed for the studies were reference copper, aluminum, and lead. Additionally, air-breakdown spectra were acquired.
Results and Discussion
A. Time Domain: Microphone Trace Figure 2 shows the time trace as recorded by the microphone for single laser shots ͑285 mJ͒ on a previously ablated position of an Al standard sample. Eight traces are presented that correspond to different distances from the plasma to the microphone ranging from 30 to 1000 mm. As shown, even those traces obtained close to the plasma exhibit no signal of saturation. No signal processing such as filtering was carried out to improve the signal. Therefore echoes and other acoustic sources are also present in the traces.
In this sense and to verify the reliability of the instrument's response, we measured the wave's transition time from the source to the microphone at several distances. Results are illustrated in Fig. 3 . As expected, the transition time scales linearly with dis- Fig. 1 . Schematic of the experiment: 1, Nd:YAG laser; 2, folding prism; 3, focusing lens; 4, sample; 5, plasma; 6, microphone; 7, computer; 8, laser power supply. , is in good agreement with that which corresponds to a temperature of ϳ25.5°C in our lab at sea level. The inset of Fig. 3 illustrates in greater detail the values measured at short distances below 34 mm. Nonlinear behavior is clearly observed, with transit times higher than those expected from an acoustic expansion. The velocity profile calculated from this curve exhibits a supersonic shock front propagating away from the sample surface while it leaves behind a rarefaction zone in which velocity decays exponentially to zero at the sample's surface. Although this profile resembles that shown by a laser-supported detonation wave, 16 there are two issues to be considered here: ͑i͒ There is measurement uncertainty at very low time intervals, which is of the order of the sampling limit of the instrument ͑22.6 s, plotted as error bars in the inset of Fig. 3͒ . Conversely, the experiment was repeated carefully several times and showed consistent results. ͑ii͒ The velocity of propagation V s for the LSD wave is
where ␥ is the specific heat ratio in the plasma ͑typ-ically, 1.2͒, 0 is the density of the ambient gas ͑1.3 ϫ 10 Ϫ3 g cm Ϫ3 ͒, and I is the laser irradiance. For our experiments Eq. ͑1͒ yields a velocity of propagation V s of ϳ28 km s
Ϫ1
. However, the maximum velocity value obtained from the plot in Fig. 3 barely reaches 2.5 km s
. At this point, further consideration should be given to Eq. ͑1͒ and to the model from which it is derived, the point explosion model. Although the irradiance term stands for the total energy input, significant energy losses can occur as a result of different factors. It is well known that sample reflectivity, surface roughness, and impurities largely influence energy coupling to the sample. The reflectivity of Al at 1064 nm can be as much as 95% for a fresh surface. The point explosion model, 19 however, has traditionally been used to describe the LSD wave because of the similar natures of the two phenomena: A large amount of energy is instantly released in a small volume of a perfect gas. Nevertheless, the model does not account for the energy storage and further energy release that occur as a result of ionization and subsequent recombination nor for losses that are due to defocusing of even shielding of the laser beam by the plasma. Although these considerations point to significantly lower V s values for a given laser energy, it remains unclear whether they stand for the 1-order-of-magnitude difference between the numerical result of the model and the empirical value reported.
B. Frequency Domain: Acoustic Spectra Figure 4 shows a representative acoustic spectrum acquired from an Al target at a 400-mm distance from the sample's surface to the microphone ͑such a distance is common to all the remaining experiments͒. The irradiance at the sample's surface was ϳ1.6 ϫ 10 10 W cm
Ϫ2
. It is important to state that, for a given sample, the spectral features depend exclusively on laser irradiance and not on separate contributions from pulse energy or focusing conditions. Thus, one could obtain similar spectra by changing both pulse energy and spot size to achieve equivalent irradiance levels.
Given the 44.1-kHz sampling rate of the instrument, the bandwidth was 22 kHz, corresponding to ϳ45 s in the time domain. Thus spectral signatures related to processes that occur in plasma with shorter or comparable lifetimes are not detectable by the instrument. Moreover, as we pointed out above, the microphone signal is convoluted with additional components related to the environment in which the experiment is carried out. For both reasons the acquired signal cannot be considered a true representation of the shock wave's overpressure. Although the latter may seem contradictory, it must be stated that it is not the authors' aim to perform an analysis of pure shock waves. Such a task would require not only different probing and sampling devices but an isolated environment such as an anechoic chamber. Rather, the purpose of this research is to demonstrate a simple and inexpensive complementary way to monitor laser-produced plasmas by just adding a microphone to an already-existing laboratory experiment.
C. Plasma Diagnostics Figure 5 shows a series of acoustic spectra obtained from Cu targets at several laser irradiances. For this aim, the pulse energy was changed while the spot area was kept constant. Different spectral features can be observed that evolve as the pulse energy is increased. At a low irradiance level ͑1.7 ϫ 10 8 W cm Ϫ2 ͒, the spectrum is dominated by a number of low-frequency components ranging from 2.5 to 8 kHz. These narrow peaks progress to broadbands as the irradiance is increased to 8.1 ϫ 10 8 W cm Ϫ2 and remain at higher irradiances. The presence of such low-frequency spectral features along the whole irradiance range suggests the existence of a primary plasma feature common to all irradiance levels. For higher irradiances, up to 7.3 ϫ 10 9 W cm
, the evolution of several spectral components in the 13-18 kHz range is noticed. From this level upward, saturation is reached and all spectra exhibit common features. These highfrequency components of the acoustic spectra may reflect a transition from the LSD wave regime-in which laser absorption is carried out by the primary plasma-to a laser-supported radiation wave regime in which intense continuum radiation emitted by the plasma raises the temperature of the ambient gas to a level at which it starts to absorb the laser radiation. 16 It is fairly feasible that most laser energy is prevented from reaching the sample owing to the presence of such an absorption process in the hot surrounding atmosphere. Inasmuch as laser-supported radiation waves expand at much higher velocities than LSD waves, the shock front is more compressed, showing shorter transit times. In the frequency domain this fact implies the development of high-frequency components. As such a circumstance grows in importance and laser radiation is increasingly absorbed by the hot surrounding atmosphere, the expansion of the primary plasma tends to saturation. This is in good agreement with the average ablation rates ͑AARs͒ measured for the craters ablated during the acoustic measurements. Figure 6 shows these results in conjunction with those measured for aluminum and lead. As shown, an analogous behavior is observed for the three metals as irradiance is raised. The AAR grows uniformly in the low-irradiance regime to a level at which the plasma-shielding effect becomes patent and saturation is observed in the AAR plots. At even higher irradiance this effect is so significant that AAR reverses its growing tendency: Under the microscope, the morphology of the craters changes from a high-aspect-ratio inverted cone shape to a flatter geometry that is more similar to an inverted trunk cone shape.
Additionally, a noticeable irradiance offset is observed in Fig. 6 for the three metals. A feasible explanation for this behavior is related to the power density input necessary to generate the precursor primary plasma, namely, the plasma threshold irradiance, which, in turn, is a compendium of all physical properties involved in the formation of the primary plasma for a given material. 6 The plasma threshold irradiances for Al, Cu, and Pb are 2 ϫ 10 8 , 2.7 ϫ 10 8 , and 0.86 ϫ 10 8 W cm Ϫ2 , respectively. These values suggest higher energy requirements for Al and Cu than for Pb. Therefore, for a given pulse energy, the balance is more favorable to Pb and so is reflected by the higher AAR found for this element. In contrast, Al and Cu do not appear to follow this energy balance. At high irradiances, absorption of the incident laser energy by the surrounding air is driven by the shock front. Therefore the density of the sample becomes of importance, as denser materials will favor this effect for a given AAR. Al density ͑2.7 g cm Ϫ3 ͒ is significantly lower than Cu density ͑8.96 g cm Ϫ3 ͒, which would result in lower shielding effects for a wider irradiance range. Pb, with the highest density ͑11.34 g cm Ϫ3 ͒, exhibits the strongest shielding effects, a result that is in accordance with the explanation given above.
The spectral behavior exhibited by Cu was also observed for Pb and Al. Figure 7 shows the spectra obtained for these elements. As shown, significant similarities can be found at medium and high irradiance levels in Al spectra compared with Cu. It is worth noting that the similarities referred to are found at different irradiance levels for Pb, with the whole series of spectra being shifted at lower irradiance levels with respect to the series for Cu and Al.
A highly illustrative parameter for describing plasma phenomena is E s , the integral of the square value of the acoustic signal, x͑t͒:
where t 1 and t 2 define the time window of integration. E s is a measure of the signal energy and consequently of the kinetic energy transported by the shock wave in the specified time interval. 20 Figure 8 shows the E s values calculated for an integration window of 1.15 ms of the shock wave at the several levels of irradiance used for the three samples. E s values obtained for air plasmas have also been included in the figure ͑the air breakdown threshold is 1.2 ϫ 10 10 W cm Ϫ2 ͒. As shown, although they are shifted at different irradiance ranges the four traces reveal analogous behavior, with a steep increment of E s at the lowirradiance zone that tends to a saturation plateau at higher irradiance levels. Al and Cu show identical results at the center of the chart, whereas air and Pb, respectively, reveal more and fewer irradiance requirements than Al and Cu. The lower the plasma threshold irradiance, the more energetic the acoustic signals produced at a given irradiance level. The proximity of plasma irradiance thresholds for Al and Cu results in similar behavior of E s for both elements. The requirements for larger power density to generate an air plasma are in good agreement with the fact that for a given E s value the air signals appear at significantly higher irradiance levels than for the three metals. Energy requirements to produce a primary plasma for each material balance the extra energy available for increasing the internal energy of the plasma and, hence, for further plasma expansion processes.
Conclusions
A simple method for monitoring laser-produced plasmas has been demonstrated. A microphone trace can provide useful information about the propagation mechanism of the shock wave. Spectral analysis of acoustic waves in the current instrumental configuration has proved to be a valuable, simple, and inexpensive technique for the diagnostics of laser plasma phenomena. Spectral features related to precursor plasma and surrounding atmosphere can be discerned, thus permitting the detection of laser shielding effects of the plasma that can somehow be undesirable in techniques such as laser-induced plasma spectroscopy because of their influence on the calibration curves. Quantitative measurements have been carried out through use of the E s parameter as a representative figure of the kinetic energy transported by an acoustic wave. The results show a certain correlation to the plasma formation threshold of each material. However, most processes that occur in the plasma remain hidden in the current configuration owing to the low sampling rates offered by the PC sound card used as an analog-to-digital converter. Current research in our lab is being directed toward a time-resolved spectral analysis of the acoustic emission with the objective of uncovering spectral information related to early microseconds in plasma formation.
